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We report the results of quantum scattering calculations for the O(3P)+H2 reaction for a range of collision
energies from 0.4 to 4.4 eV, important for astrophysical and atmospheric processes. The total and state-to-
state reactive cross sections are calculated using a fully quantum time-independent coupled-channel approach
on recent potential energy surfaces of 3A′ and 3A′′ symmetry. A larger basis set than in the previous studies
was used to ensure convergence at higher energies. Our results agree well with the published data at lower
energies and indicate the breakdown of reduced dimensionality approach at collision energies higher than 1.5
eV. Differential cross sections and momentum transfer cross sections are also reported.
I. INTRODUCTION
The O(3P )+H2 reaction represents a prototype chem-
ical process of considerable interest in combustion1, as
well as in atmospheric2–4 and interstellar5 chemistry.
Owing to its relative simplicity, as well as to the fact
that the reaction has an energy barrier of about 0.56 eV
below which it proceeds via an abstraction mechanism6,
it is suitable for benchmarking theoretical methods and
experiments. Extensive literature about the topic has
been published. Reaction rates and related quantities ob-
tained using different experimental techniques have been
reported7–23. On the theory side, several sets of chem-
ically accurate global potential energy surfaces (PESs)
have been constructed6,24–30 and different aspects of the
process have been investigated2,6,25–48. Particularly rele-
vant to the present study are recent time-dependent and
time-independent quantum mechanical (QM)37,39 and
quasi-classical trajectories (QCT) calculations44–48 that
have demonstrated good agreement with crossed molec-
ular beam experiments22,23,49 for temperatures ranging
from thermal to about 3500 K.
Majority of the existing studies were done for the
temperatures corresponding to the collision energies of
the reactants smaller than 1 eV in the center-of-mass
frame. Atmospheric and interstellar chemistry, however,
often involve processes leading to collisions of hot oxy-
gen atoms with H2 molecules at energies between 1 and 5
eV50. While semi-classical approaches and mass-scaling
of known cross sections have been used to obtain ap-
proximate cross sections for such processes, quantum
mechanical methods, if computationally feasible, offer
many advantages, such as state-to-state resolution and
higher accuracy4,51. For example, QM scattering cal-
culation of suprathermal collisions of atmospheric gases
and hot O atoms in planetary atmospheres has been
used to estimate the reactions’ contribution to formation
of extended planetary coronae52, and predict a new es-
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cape mechanism of molecular hydrogen from the martian
atmosphere4.
In this article, we report the results of state-to-state
quantum scattering calculations of O(3P )+H2 reactive
collision in the energy interval from 0.4 to 4.4 eV, using
recent chemically accurate 3A′ and 3A′′ PESs6,29. We
compare our results with existing QM calculations and
QCT calculations, as well as with the results of molec-
ular beam measurements22. We also report momentum
transfer (diffusion) cross sections and differential cross
sections for the reaction of oxygen atoms with the hydro-
gen molecule in one of the two lowest vibrational levels.
This paper is organized as follows. In Sec. II we de-
scribe the methods used in the calculation and discuss
their convergence. In Sec. III we present total and se-
lected state-to-state reactive cross sections for neutral
and vibrationally excited hydrogen molecule, as well as
selected differential cross sections. The summary and
conclusions are given in Sec. IV.
II. METHODS
We carried out quantum reactive scattering calcu-
lations using computer program ABC53. The code
performs simultaneous expansion of time-independent
coupled-channel equations in Delves hyperspherical co-
ordinates for all three possible chemical arrangements of
the products (2×H2+O, OH+H)54 and solves them using
one of the implemented propagators. Thus, the overcom-
plete basis set was used to avoid the coordinate selection
problem for different configurations. The calculation was
performed independently for each value of the total an-
gular momentum quantum number J and the triatomic
parity P = ±1. State-to-state partial cross sections for
the collision energy E, describing transitions from the
initial ro-vibrational state (v, j) of H2 molecule to final
quantum states (v′′, j′′) of H2 or to states (v′, j′) of OH
molecule, are constructed from the helicity representa-
tion of the S-matrix according to53
σJvj→v′j′(E) =
pi
k2vj
2J + 1
2j + 1
∑
v′j′k′k
|SJvjk,v′j′k′ (E) |2, (1)
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2where, for the incident channel (v, j), the wave vector is
denoted as kvj and corresponding S-matrix elements as
SJvjk,v′j′k′(E). These expressions are valid both for the
complete and a restricted basis set, where the angular
momentum quantum numbers k and k′ are defined as
0 6 k 6 min(J, j) and 0 6 k′ 6 min(J, j′).
The observables are calculated from the integral reac-
tive cross section defined as
σvj→v′j′(E) =
Jmax∑
J=0
σJvj→v′j′(E). (2)
We also define the total reactive cross section σvj for the
initial state H2(v, j) as
σvj(E) =
∑
v′j′
σvj→v′j′(E), (3)
where the summation is performed over all energeticaly
open states OH(v′, j′).
The state-to-state momentum transfer cross section for
the initial state (v, j) and final state (v′, j′), of interest
in studies of transport properties, is given by55,56
σmtvj→v′j′(E) = 2pi
∫ pi
0
Qvj,v′j′(θ,E) sin θ(1− cos θ)dθ,
(4)
where Qvj,v′j′(θ,E) = dσvj→v′j′(θ,E)/dΩ is the differ-
ential cross section given by53
Qvj,v′j′(θ,E) =
∣∣∣∣∣ 12ikvj ∑
J
(2J + 1)dJk′k(θ)S
J
vjk,v′j′k′(E)
∣∣∣∣∣
2
.
(5)
State-to-state partial rate coefficients are defined by av-
eraging the cross sections over Maxwell-Boltzmann dis-
tributions of the colliding particles’ relative velocities:
kvj,v′j′(T ) =
√
8
piµ(kBT )3
∫ ∞
0
σvj→v′j′(E)e
− EkBT EdE.
(6)
A major difficulty associated with the O(3P ) + H2 re-
action is the presence of coupled, multiply-degenerate
potential energy surfaces38. While a full model of the
reaction should include spin-orbit and nonadiabatic cou-
pling terms between all surfaces, several authors have
demonstrated38,57 that these terms can be neglected if
the collision energy is significantly larger than the cou-
pling strength. Specifically, a recent QCT study57 of
surface-hopping between O(3P ) + H2 and O(
1D) + H2
reactions concluded that the reaction can be described
by a single surface for the considered collision energy in-
terval. The fact that the cross sections obtained from
crossed molecular beam experiments22 agree well with
the calculations performed on uncoupled surfaces39 fur-
ther supports this argument. Thus, we carried out
independent single-surface calculations on the Rogers’
GLDP6 3A′ and Brandao˜’s BMS129 3A′′ PESs. The to-
tal cross sections are given as the sum of the two cal-
culations weighted by a multiplicity factor of 1/325. We
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FIG. 1: Convergence of the partial cross section
σJ=500→v′j′ on the
3A′′ PES with respect to the cutoff
energy Emax. The parameters jmax = 18 and kmax = 4
are used. For E 6 1.7 eV the convergence for all Emax
was satisfactory. Vertical dashed line at Emax = 4.5 eV
indicates the upper limit of reliable convergence.
expect this approximation to be valid at collision ener-
gies greater than the asymptotic spin-orbit splitting of
the 3P term of the oxygen atom, which is about 0.02 eV.
A. Calculation details and convergence tests
State-to-state cross sections for the H2(v, j) +
O(3P ) reaction were calculated using the ABC code53.
Balakrishnan37,39 used a similar approach to calculate
the reactive cross sections for this reaction for incident
kinetic energies up to 1.2 eV. Extending the calculation
up to the collision energy of 4.4 eV, of interest in atmo-
spheric science and astrophysics, required a significantly
larger basis set to correctly describe the population of
the excitated ro-vibrational states. The relevant param-
eters that control the truncation of the basis set53 were:
the cutoff energy Emax, the maximum allowed rotational
level jmax, the maximum value of the angular momentum
projection quantum number kmax, and the total angular
momentum quantum number J . Extensive convergence
tests on both PESs were performed. The convergence
of the numerical differential equation solver in the en-
ergy range of interest was achieved for the propagation
hyperradius ρmax = 25.0 a0 and step size ∆ρ = 0.02
a0, in agreement with the related studies
4,39. The re-
quired cutoff energy Emax was determined by calculating
the partial cross sections for the range of cutoff energies
from 3 to 4.7 eV for the selected values of J , jmax, and
kmax (Fig. 1). Regardless of the total angular momen-
tum J , we observed little improvement in convergence for
the cutoff energy greater than Emax = 4.3 eV, or from
increasing jmax and kmax past the illustrated values. In
fact, keeping the cutoff energy as low as 3 eV resulted
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FIG. 2: Partial cross section σJ=3000→v′j′ calculated on the
3A′′ PES for a number of (jmax, kmax) basis truncation
parameters (upper panel). The convergence with
respect to kmax for jmax = 36 is given in the lower
panel. The production run parameters
(jmax = 36, kmax = 4) are indicated by thick red line.
in a surprisingly accurate calculation even at the colli-
sion energies as high as 4.5 eV. This can be understood
from the fact that while the density of states is greatly
increased close to the dissociation energies of OH+H and
O+H2, reported to be at 4.58 and 4.7 eV
6, the impact
of the added channels to the population distribution in
the reaction is rather small. Note that for Emax > 4.5
eV the basis size grows rapidly and makes the calculation
prohibitively expensive.
The convergence of partial cross sections with respect
to jmax and kmax on the BMS1
3A′′ PES, for which the
calculation was slower to converge, is illustrated in Fig.
2 for a low and a high value of J . The parameter space
defined by the (jmax, kmax) pair, where jmax = 12 . . . 60
and kmax = 0 . . . 36, was explored for the energy cutoff
set to Emax = 4.5 eV. The convergence was achieved for
jmax > 36 and kmax > 12. Restricting the maximum pro-
jection quantum number to 4 6 kmax < 12 was found to
reduce the calculation time by a factor of 4 to 10 without
a significant loss of precision (see Fig. 2, bottom panel).
Based on the convergence analysis, the production runs
were carried out using Emax = 4.5 eV, jmax > 36, and
kmax = 6, resulting in 3,266 and 3,300 coupled channels
for 3A′ and 3A′′ PES, respectively.
Finally, we tested the convergence with respect to the
total number of partial waves included in the calcula-
tion by directly comparing their contributions to the to-
tal cross section. It took a total of Jmax = 105 partial
waves to achieve the convergence of reactive and inelastic
cross sections to within a few percent for the highest col-
lision energy considered. The complete production run
took about 8,470 CPU-days, or about 18.2 hours per an
energy point, per a single core of Intel Xeonr X5670
CPU.
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FIG. 3: Partial cross sections σJ00 summed over all
target states in dependence of the incident kinetic
energy for the O(3P )+H2(v = 0, j = 0)→ H +
OH(v′, j′) reaction, shown for selected values of the
total angular momentum quantum number J
(numbers). Top: Results for 3A′′ PES are compared
with the calculation by Balakrishnan39 (dashed lines).
Bottom: Results for the 3A′ PES. A calculation by
Gacesa et al.4 is also shown (dashed lines).
III. RESULTS AND DISCUSSION
A. O(3P ) + H2(v = 0, j = 0)→ H + OH(v′, j′)
We report results for O(3P ) + H2(v = 0, j = 0) reac-
tive scattering on both PESs considered. Partial reactive
cross sections, defined as σJvj(E) =
∑
v′j′ σ
J
vj→v′j′(E),
are compared to the results reported by Balakrishnan39
on Rogers’ GLDP 3A′′ PESs (Fig. 3, top panel). The
agreement between the two sets of results is good, al-
though our cross sections remain consistently larger with
the more pronounced difference at higher collision ener-
gies. The exception is J = 0 partial cross section, where
the agreement is perfect. In case of the 3A′ PES, we com-
pare the partial cross sections to our earlier calculation4
(Fig. 3, bottom panel). We believe that a larger basis
set used in the current study is able to better account for
higher rotational states populated during the reaction,
yielding somewhat larger cross sections. Note that the
oscillations present for higher partial waves in the previ-
ous high resolution calculation4 are due to the centrifugal
barrier of the rotating atom-molecule composite.
The reactive cross sections for O(3P )+H2(v = 0, j =
0) → H + OH(v′, j′) were calculated separately on each
PES according to Eq. (2), where the summation was per-
formed over the partial cross sections up to Jmax = 105.
A comparison with selected published results39 at lower
collision energies is given in Fig. 4. Our cross sections
are larger than the existing QM and quasi-classical tra-
jectory (QCT) results for both PESs, except at low en-
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FIG. 4: Integral reactive cross sections for
O(3P )+H2(v = 0, j = 0) for the BMS1
29 3A′′ (left
panel) and GLDP6 3A′ (right panel) PES as a function
of the collision energy up to 1.6 eV.
ergies, where the agreement is good. The only excep-
tion is the adiabatic QCT calculation by Han et al.48 at
E ' 0.9 eV, which predicted comparable or higher val-
ues. In case of the 3A′′ PES, our results match previous
QM calculations37,39 below 0.7 eV, but deviate at higher
energies, with the difference increasing up to about 15
% at 1 eV. However, a direct comparison is not possible
since these studies used Rogers’ 3A′′ PES6. Note that the
inflection feature, present in Balakrishnan39 at about 0.8
eV, was not reproduced by our calculation. The agree-
ment at high energies was better with recent QCT and
TDQM results of Wang et al.42 and Yu-Fang et al.58,
where the cross sections agree qualitatively, although our
results remain larger by about (0.1− 0.15)× 10−16 cm2.
The best overall agreement is with the TDQM results of
Wang et al.42. A similar behavior is present for the 3A′
PES, except in case of the adiabatic QCT calculation by
Han et al.48, which predicted comparable or higher cross
sections for E > 0.9 eV. Other QM studies on the BMS1
surface41,59 were conducted at lower energies, making di-
rect comparison with our results impossible.
The differences between our results and the QM re-
sult of Balakrishnan39 can be explained by the fact that
the cross sections converge better at higher energies for
a larger basis set, as can be seen from the convergence
of partial cross sections (Fig. 2). The fact that our cross
sections are larger for the 3A′ surface as well implies that
this argument is independent of the PES. Nevertheless,
we cannot rule out the possibility that the differences
in the van der Waals region29,43 between the Rogers’
GLDP6 and Brandao˜’s refitted BMS129 3A′′ PESs, or
the absence of nonadiabatic effects48, are sufficient to af-
fect the cross sections resulting in a better agreement at
low energies.
Reactive cross sections calculated for the complete en-
ergy range from 0.4 to 4.4 eV are given in Fig. 5, and
compared with our earlier calculation4. Both sets of
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FIG. 5: Integral reactive cross sections for
O(3P )+H2(v = 0, j = 0) reaction given for collision
energies from 0.4 to 4.4 eV.
curves exhibit qualitatively similar behavior and remain
in excellent agreement up to about 1.4 eV. At higher en-
ergies, the basis set of Gacesa et al.4 does not fully cap-
ture the reaction dynamics and predicts lower population
distributions in the higher rotational states, resulting in
smaller cross sections. The results from Fig. 5 are given
in Table I.
The total cross section for the O(3P )+H2(v = 0, j =
0) reaction was calculated as the sum σvj(E) =(
σ
(3A′′)
vj (E) + σ
(3A′)
vj (E)
)
/3, as described above, and
shown in Fig. 6. The QM results of Balakrishnan ex-
tended to higher energies39,60 by means of J-shifting
approximation61, time-dependent wave packet (TDWP)
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FIG. 6: Total cross section for O(3P )+H2(v = 0, j = 0)
reaction as a function of the collision energy. Recent
theoretical results by Balakrishnan39, Gacesa et al.4,
and Zhao47, and experiment by Garton et al.22 are also
shown.
5TABLE I: Integral cross sections for
O(3P )+H2(v = 0, j = 0) reaction as a function of the
collision energy calculated on 3A′ and 3A′′ PESs.
σv=0,j=0 (10
−16 cm2)
E(eV) 3A′ 3A′′
(
3A′ +3 A′′
)
/3
0.40 6.62× 10−3 8.31× 10−3 4.98× 10−3
0.44 2.18× 10−2 2.31× 10−2 1.50× 10−2
0.48 5.69× 10−2 5.20× 10−2 3.63× 10−2
0.52 0.12 9.65× 10−2 7.13× 10−2
0.56 0.20 0.16 0.12
0.60 0.28 0.25 0.18
0.64 0.37 0.37 0.24
0.68 0.46 0.49 0.32
0.72 0.55 0.63 0.39
0.76 0.65 0.76 0.47
0.80 0.74 0.91 0.55
0.84 0.84 1.05 0.63
0.88 0.93 1.18 0.70
0.92 0.99 1.32 0.78
1.00 1.16 1.59 0.93
1.10 1.38 1.87 1.09
1.40 2.02 2.74 1.59
1.70 2.54 3.28 1.94
2.00 2.91 3.59 2.17
2.30 3.14 3.66 2.27
2.60 3.22 3.67 2.30
2.90 3.24 3.60 2.28
3.20 3.14 3.49 2.21
3.50 3.03 3.40 2.14
3.80 2.92 3.27 2.06
4.10 2.82 3.14 1.99
4.40 2.69 3.01 1.90
calculation of Zhao47, and the experimental results of
Garton et al.22 are given for comparison. A notable dif-
ference from the calculation performed using J-shifting
approximation at higher collision energies warrants fur-
ther explanation.
The J-shifted total cross section is constructed using
Eq. (2), where the initial state-selected reaction prob-
ability P Jvj is calculated exactly for J = 0 and approxi-
mated for J > 0 by shifting the collision energy according
to39,61
P Jvj ≈ P J=0vj (E − E‡J), (7)
where E‡J = B
‡J(J + 1) is the rotational energy of the
linear triatomic transition state assumed by the complex
during the reaction. The rotational constant B‡ is taken
to be 3.127 and 3.154 cm−1 for the 3A′ and 3A′′ PES,
respectively60. By repeating these steps we were able
to closely match the result of Sultanov et al.60 (Fig. 6,
dashed curve). The J-shifting approximation has been
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FIG. 7: Cross sections for
O(3P )+H2(v = 0, j = 0)→ OH(v′) + H reaction for
v′ = 0 . . . 4 as functions of collision energy. The QM
results of Balakrishnan39 and QCT results of
Braunstein et al.40, are shown.
shown to be accurate at low collision energies, up to
about 1.2 eV37,39,61,62. However, at higher energies the
(OHH) transition state is no longer linear as the rota-
tional energy is sufficiently high to overcome the reaction
energy barrier. A study of the role of quantized transi-
tion states in the H2+O reaction dynamics found that
bending angles of the transition state complex up to 30°
were present in the energy range up to 1.9 eV63.
At the collision energy greater than about 0.6 eV, the
channels leading to production of vibrationally excited
OH molecules become energeticaly allowed. In Fig. 7 we
show the cross sections in the considered energy range
for the O(3P )+H2(v = 0, j = 0) → OH(v′) + H reactive
collision, where v′ = 0 . . . 4. For high collision energies,
E > 4.1 eV, the vibrational states up to v′ = 12 can
be populated. Our results are in good agreement with
earlier QCT and QM results39,40 despite the fact that
these were carried out on a different PES. The agreement
with the QM result of Balakrishnan et al.39 for v′ = 1 is
particularly good, possibly implying a better agreement
between the PESs at the energies above 0.6 eV.
B. Vibrational excitation of the reagent H2
Fig. 8 shows the present vibrationally-resolved reactive
cross sections for the O(3P )+H2(v = 1) → OH(v′) + H
reaction, both as a statistical sum over the 3A′ and 3A′′
surfaces (left panel) and broken down into the individual
contributions (right panel). We also show recent QCT
and TDQM cross sections40, as well as QM results37,39,
extended to intermediate energies, up to about 2.6 eV,
via J-shifting approximation60.
As seen for the reaction with a non-vibrating hydro-
gen molecule, our results for the total cross section agree
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FIG. 8: Total cross sections for
O(3P )+H2(v = 1, j = 0) reaction for statistically
weighted (left panel) and individual surfaces (right
panel). TDQM and QCT results of Braunstein et al.40
and J-shifted QM results of Sultanov et al.60 are shown
for comparison.
better with the QCT calculation (red squares) than with
TDQM (blue dot-and-dash line) and QM (red dashed
line) results. By examining individual contributions of
the two surfaces (Fig. 8, right panel), we observe excel-
lent agreement between the QCT results and our calcu-
lation for the 3A′′ PES, while for the second surface the
agreement remains very good until about 0.8 eV, where
our cross section becomes increasingly larger as the col-
lision energy increases. The TDQM and QM results re-
main consistently smaller for all but lowest energies.
In their work, Braunstein et al.40 attribute the dis-
crepancy between TDQM and QCT results to the lack
of tunneling and other quantum effects in the classical
description, and the differences in vibrational adiabatic-
ity between classical and quantum mechanics, an effect
previously studied in this system at near-threshold en-
ergies. While we believe this explanation is valid, it is
difficult to estimate the relative importance of these ef-
fects versus the uncertainties introduced by the numeri-
cal methods, such as the cutoff in the basis set at higher
energies, or, in case of 3A′′, the differences in the PESs.
The former could explain the disagreements in cross sec-
tions for the 3A′ surface. In case of the 3A′′ surface,
the cross sections were shown to be somewhat larger for
near-threshold collisions41 in v = 1, as well as for non-
vibrating reactants4,42,58. Since the QCT approach can
result in larger cross sections than produced by quan-
tum methods40, we cannot rule out the possibility that
the excellent agreement with the QCT results is partly
accidental.
The statistically weighted total cross section peaks at
the collisional energy of about 1.9 eV (Fig. 8) , as a re-
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FIG. 9: Rotationally resolved total cross sections for
formation of OH(v′ = 0− 1, j′) in
O(3P )+H2(v = 0− 1, j = 0) reaction for the collision
energy of 0.781 eV (top) and 2.5 eV (bottom).
sult of the cross sections for the 3A′ and 3A′′ PES having
a maximum at 2.1 and 1.7 eV, respectively. This is in
contrast with the J-shifting calculation which continues
to increase and possibly peaks at higher collision ener-
gies. As explained in the previous section, we believe
that our results describe more accurately the reaction at
higher energies since the J-shifting approximation is too
simplistic to correctly capture the relevant physics.
Rotationally resolved cross sections for selected colli-
sion energies of 0.781 eV (18 kcal/mol) and 2.5 eV are
given in Fig. 9. The first energy can be compared directly
to the existing results39,40, and the second is of partic-
ular interest in non-thermal dynamics of hot O atoms
and OH molecules in martian atmosphere64. Our ro-
tationally resolved cross sections for the production of
OH(v′ = 0 − 1, j′) molecules by vibrationally excited
H2(v = 1, j = 0) (Fig. 9(b)) agree well with QCT re-
sults of Braunstein et al.40, for which the highest excited
rotational level, j′max = 25 for OH(v
′ = 0) and j′max = 20
for OH(v′ = 1, j′), fully agree, while the cross sections’
values agree within 10 %. Therefore, we feel that our re-
sults support the analysis of the OH(v′, j′) state distribu-
tions based on the information theory40. Balakrishnan39
predicted rotationally resolved cross sections to be more
than an order of magnitude smaller, with j′max = 15 for
OH(v′ = 0) and j′max = 10 for OH(v
′ = 1, j′). Since a
similar QM approach was used in both studies, we be-
lieve that these differences are due to the choice of basis
set and larger rotational quantum number cutoff value
used in this work.
Fig. 10 shows rotationally resolved cross sections
for production of OH(v′ = 0 − 1, j′) molecule in
O(3P )+H2(v = 0 − 1, j = 0) reactive collision for col-
lision energies from 0.6 to 4.1 eV. The rotational distri-
butions peak at higher rotational quantum number as
the collision energy increases (Fig. 10(a, b)). For the ini-
7O + H₂(v=0,j=0) → OH(v'=0,j') + H
(a)
O + H2(v=0, j=0) → OH(v'=1, j') + H
(b)
(c)
O + H2(v=1, j=0) → OH(v'=0, j') + H
(d)
O + H2(v=1, j=1) → OH(v'=1, j') + H
FIG. 10: Rotationaly resolved total cross sections for O(3P )+H2(v = 0− 1, j = 0)→ OH(v′ = 0− 1, j′) + H
reaction as a function of the collision energy.
tial vibrational quantum number v = 1 (Fig. 10(c, d))
more internal energy is available for exciting rotational
degrees of freedom of the product OH molecule, resulting
in broader rotational distributions shifted towards higher
rotational states. In particular, in case of vibrational re-
laxation from v = 1 to v′ = 0 (Fig. 10(c)), we obtain a
double-peak distribution with respect to rotational states
j′ of the product molecule as the internal energy release
during the reaction becomes sufficient to excite higher
rotational quantum numbers. A similar behavior of ro-
tational excitations in the reaction has been predicted in
previous studies39,40.
C. Differential cross sections
Fig. 11 shows differential cross sections (DCSs)
summed over all product states for the O(3P )+H2(v, j =
0) → OH + H reaction, where v = 0, 1, as functions of
scattering angle θ and collision energy. The scattering
angle θ is defined as the angle between the velocity vec-
tor of the produced OH molecule and the velocity vector
of the incoming O atom, where the vectors are given in
center-of-mass frame. Therefore, θ = 0° corresponds to
forward scattering and θ = 180° to backscattering. The
DCSs are shown separately for the 3A′ and 3A′′ surface
and multiplied by the factor a = sin(θ) to simplify the
presentation for small forward and backward scattering
angles and to highlight the region where the momentum
transfer to the product OH molecule is the largest.
8FIG. 11: Total (summed over all product states OH(v′, j′)) differential cross sections Q(θ,E) = sin θ dσvj(θ,E)/dΩ
as functions of the scattering angle θ and collision energy for O(3P )+H2(v, j = 0)→ OH(v′, j′) + H reaction. The
DCSs are shown separately for 3A′ (top panels) and 3A′′ (bottom panels) PESs, and initial vibrational states v = 0
(a,c) and v = 1 (b,d).
For 3A′′ PES and v = 0 (Fig. 11(c)) we can identify
main features shared between all shown cases. At low
collision energies, below about 0.8 eV, the DCS starts to
form a small extended maximum between θ = 10° and
θ = 90°, peaking at about θ = 50°−70°. As the collision
energy increases, the maximum moves smoothly to larger
scattering angles and becomes more pronounced, form-
ing a central crescent-shaped “ridge structure” centered
at about θ = 120° and 1.8 < E < 2 eV, and peaking
for E > 3.8 eV at about 140°< θ < 150°. At higher
collision energies, E > 2 eV, the backscattering contri-
bution starts to dominate and forms a double-maximum
structure with the “ridge”. The presence of the “ridge”
structure indicates a strong preference for sideways scat-
tering of the product OH molecule. Similar structure of
the reactive DCS was observed by Han et al.48 for the
collision energy of 1.2 eV. Resonance oscillations due to
interferences are visible in DCSs as linear “ripples” for se-
lected scattering angles. For small angles, starting from
about θ = 20° , they appear as simple evenly-spaced lines,
while for larger scattering angles they become denser and
better defined. Analogous features, including the ridge
structure and resonance oscillations, were found in H+D2
reactive scattering65, where the author analyzed DCSs
for a number of (v′, j′) states of the product HD molecule.
By performing a similar analysis of state-to-state scat-
tering DCSs66, we found that the width of the ridge,
for each energy and the vibrational product state v′, is
determined by a distribution of the DCSs for rotational
product states j′, where higher rotational states extend
9the ridge towards lower scattering angles. Higher vibra-
tional product states v′ tend to produce comparable but
flatter distributions with a stronger backscattering com-
ponent, shifted to smaller scattering angles by 10 − 40°
per v′, depending on the collision energy. The ridge itself
is formed mostly by the contributions from v′ < 3 prod-
uct states. These findings are in good agreement with
the reactive production of HD65.
For the reactant H2 initially in v = 1 state, the DCSs
remind of the v = 0 case, although the double-maximum
structure is less pronounced and present for a smaller
range of collision energies, 1.6 < E < 2.4 eV. Vibrational
energy of the reactant molecule transfers more efficiently
to higher rotational product states j′, forming a broader
but shallower distribution (see Figs. 9 & 10). This re-
flects in DCSs as an increase in the width of the “ridge”
for lower angles, and lowered amplitudes for higher an-
gles. A comparable result was obtained using QCT for
the same system40.
The described features are also present for 3A′ PES
(Fig. 11, top panels). The central ridge retains its cres-
cent shape, but it is flatter and more extended with re-
spect to the scattering angle than for 3A′′ PES. This is
particularly visible for collision energies E > 2 eV and
θ ≈ 150° , where the ridge remains largely flat for 3A′
PES as the energy increases, in contrast to the sharp
peak present for 3A′′ PES. The resonance oscillations re-
main largely unchanged and a statistically-weighted av-
erage taken over both surfaces does not cause them to
disappear.
D. Momentum transfer cross sections
Momentum transfer (diffusion) cross section is an ef-
fective cross section used to describe the average mo-
mentum transferred from a projectile to the target parti-
cle, often used in energy exchange and transport studies
in astrophysics and atmospheric physics56. Momentum
transfer cross sections for the momentum transferred to
the OH molecule in the reaction O(3P )+H2(v, j = 0)→
OH(j′, v′) + H were evaluated using Eq. (4) and sta-
tistically averaged for the two PESs in the same way as
the total cross sections. Their values for the sum over
all product states OH(v′, j′), for two lowest vibrational
states of the H2 molecule, v = 0, 1, are given in Fig.
12 and Table II66. Note that the ratio of the momen-
tum transfer cross sections to the integral cross section
for the reaction changes from greater than 4 to about
1 with increasing energy, unlike for the elastic process
where the ratio is largely constant51. This reflects the
preference for the OH molecule to be produced for “side-
ways” scattering angles (Fig. 11). It also indicates that
the momentum transfer up to five times as large as for
the elastic process can occur in the reaction at the high
end of the considered collision energy range.
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FIG. 12: Total momentum transfer cross sections the
reaction O(3P )+H2(v = 0− 1, j = 0).
TABLE II: Total momentum transfer cross sections for
O(3P )+H2(v, j = 0) reaction, where v = 0, 1.
E(eV) σmtv=0,j=0 (10
−16 cm2) σmtv=1,j=0 (10
−16 cm2)
0.2 0.0002
0.4 0.001 0.05
0.6 0.04 0.22
0.8 0.12 0.43
1.0 0.21 0.66
1.2 0.31 0.88
1.4 0.47 1.11
1.6 0.63 1.30
1.8 0.79 1.47
2.0 0.95 1.67
2.2 1.10 1.84
2.4 1.25 1.99
2.6 1.41 2.24
2.8 1.58 2.45
3.0 1.70 2.59
3.2 1.76 2.36
3.4 1.80 2.59
3.6 1.84
3.8 1.89
4.0 1.97
4.2 2.01
4.4 1.95
IV. SUMMARY AND CONCLUSIONS
We have conducted a state-to-state quantum mechan-
ical study of O(3P )+H2 → OH + H reaction using re-
cent, chemically accurate 3A′ and 3A′′ potential energy
surfaces of Rogers et al.6 and Brandao˜ et al.29, respec-
tively. The calculation was carried out for collision en-
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ergies of interest in astrophysics and atmospheric chem-
istry, ranging from 0.4 to 4.4 eV in the center-of-mass
frame, with focus on the two lowest vibrational states
of the H2 molecule. The total reactive cross sections
were constructed using thirty energy points per surface
for each value of the total angular momentum up to
Jmax = 105.
The cross sections obtained in this study for the reac-
tive production of OH molecules generally agree well with
previous studies at low collision energies, up to about
E < 0.7 eV. At higher energies, where 0.7 < E < 1.3
eV, our cross sections are larger by about 10-15 % than
those obtained in similar studies, with the exception of
OH(v′ = 1) where the agreement remains excellent. An-
other notable exception is the QCT study of Han et al.
that agrees well with our calculation for E > 0.9 eV.
In case of the 3A′′ surface, our results appear to match
recent QCT calculations of Yu-Fang et al.58 and Wang
et al.42, up to a small positive offset. For E > 1.6 eV,
regardless of the vibrational excitation of the reactants,
we have obtained significantly smaller and qualitatively
different reactive cross sections than predicted by the J-
shifting approximation60. This result, in particular, may
be important for reaction rates with vibrationally-excited
molecular hydrogen in astrophysical photon-dominated
regions67.
For the O(3P )+H2(v = 1) collisions, our cross sections
are larger than predicted by the QM calculation of Sul-
tanov et al.60, and appear to be in good agreement with
the QCT calculation of Braunstein et al.40. We believe
that the differences between our results and existing QM
studies are mostly caused by differences in size and trun-
cation of the bases used in the calculations. To test this,
we have carried out a calculation on a reduced basis set
using the truncation parameters of Balakrishnan39 and
obtained an almost complete match of the partial and
total cross sections for the 3A′ surface of Rogers et al.6.
Another possible source of disagreement are the differ-
ences, specifically in the van der Waals region43, between
the Rogers’ 3A′′6 and the more recent BMS1 surface29.
In addition, we have calculated differential cross sec-
tions and momentum transfer cross sections for the reac-
tion, where the reactant H2 was assumed to be in one of
the two lowest vibrational states, v = 0, 1. For interme-
diate energies considered in this study, the DCSs indicate
a strong preference for the reaction to proceed sideways,
i.e. for the product OH molecule to scatter perpendicu-
lar to the direction of propagation of the products, while
for the energies greater than about 2 eV the backscat-
tering starts to dominate. We expect these results to be
of particular interest in studies of energy transport and
dynamics in planetary and exoplanetary atmospheres50,
interstellar gas chemistry67, and related astrophysical en-
vironments.
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